The defining characteristic of recessive disorders is the absence of disease in heterozygous carriers of the mutant alleles. However, it has been recognized that recessive carriers may differ from noncarriers in some phenotypes. Here, we studied ataxia telangiectasia (AT), a classical recessive disorder caused by mutations in the ataxia telangiectasia mutated (ATM) gene. We compared the gene and microRNA expression phenotypes of noncarriers, AT carriers who have one copy of the ATM mutations, and AT patients with two copies of ATM mutations. We found that some phenotypes are more similar between noncarriers and AT carriers compared to AT patients, as expected for a recessive disorder. However, for some expression phenotypes, AT carriers are more similar to the patients than to the noncarriers. Analysis of one of these expression phenotypes, TNFSF4 level, allowed us to uncover a regulatory pathway where ATM regulates TNFSF4 expression through MIRN125B. In AT carriers and AT patients, this pathway is disrupted. As a result, the level of MIRN125B is lower and the level of its target gene, TNFSF4, is higher than in noncarriers. A decreased level of MIRN125B is associated with breast cancer, and an elevated level of TNFSF4 is associated with atherosclerosis. Thus, our findings provide a mechanistic suggestion for the increased risk of breast cancer and heart disease in AT carriers. By integrating molecular and computational analyses of gene and microRNA expression, we show the complex consequences of a human gene mutation.
Introduction
Autosomal-recessive disorders are diseases that are expressed in individuals with two copies of the mutant alleles. Carriers who have one copy of a mutant allele do not have phenotypes that differ from noncarriers. However, as early as the 1940s, there were suggestions that heterozygous carriers of recessive mutations may have phenotypic manifestations. 1 More recently, population-based studies have shown that carriers of autosomal-recessive disorders such as cystic fibrosis, Gaucher disease, and ataxia telangiectasia (AT; MIM 208900) have increased risk of asthma, 2 parkinsonism, 3 and breast cancer, 4, 5 respectively. Although there are not many patients with recessive disorders, there are many carriers of recessive mutations in the population. In the case of AT, the carrier frequency is~1 in 100. Therefore, if heterozygous mutations lead to distinct phenotypes, then carriers of these mutations contribute significantly to overall phenotypic diversity and probably to disease susceptibility. Patients with AT, which is caused by mutations in the ataxia telangiectasia mutated (ATM, MIM 607585) gene, have cerebellar ataxia, oculocutaneous telangiectases, immune deficiency, and predisposition to malignancy. The parents of AT patients are obligate carriers and do not have features on physical exams that distinguish them from noncarriers. However, as a group, they have an increased risk of breast cancer and heart disease. 4, 6 Mice heterozygous for ATM mutations also have an increased risk for cancer 7 and metabolic syndrome. 8 Genetic studies have identified ATM mutations as susceptibility alleles for breast cancer, 4, 9 and molecular effects of genetic variants and/or mutations in the ATM gene [10] [11] [12] have also been studied. However, little progress has been made in understanding the functional consequences of heterozygous ATM mutations. To address this, we have carried out a genome-scale analysis. Advances in genomics allow large-scale study of gene-expression patterns. The result is a much improved understanding of how gene expression relates to cellular phenotypes. Gene-expression studies have the advantage of resolution and scale that is difficult to match in clinical studies. Recently, we and others have shown that expression levels of genes, like other quantitative phenotypes, are heritable, [13] [14] [15] and thus their regulation can be genetically dissected. These studies show that allelic forms of gene-expression regulators lead to different expression levels of their target genes. 16, 17 This offers an opportunity to determine the effect of gene mutations on downstream targets, pathways, and, ultimately, cellular phenotypes. With this as a premise, we investigated the effect of heterozygous and homozygous ATM mutations on gene and microRNA expression. The results did not show a simple recessive pattern. Instead, we found that some genes and pathways require only one copy of wild-type ATM for normal function, and therefore exhibit a recessive pattern. Others require two copies of wild-type ATM and show a dominant pattern. To better understand the unexpected dominant gene-expression phenotypes, we further analyzed one of them, TNFSF4 (MIM 603594) level, and showed that it is regulated by ATM through MIRN125B. Previous studies have shown that MIRN125B 18 and TNFSF4
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are associated with breast cancer and heart disease. Thus, our results show the differential effects of ATM mutations on its target genes and suggest a mechanism for the susceptibility of AT carriers to breast cancer and heart disease.
Material and Methods

Tissue Culture and Radiation Treatment
Lymphoblastoid cell lines (Coriell Cell Repositories, Camden, NJ) from eight controls (ATM þ/þ), eight obligate heterozygous AT carriers (ATM þ/À ), and eight AT patients (ATM À/À ) (Table S1 available online) were grown at a density of 5 3 10 5 cells/mL in RPMI 1640 with 15% fetal bovine serum, 2 mM L-glutamine, and 100 U/mL penicillin-streptomycin and irradiated at 5 Gy in a 137 Cs irradiator. Cells were harvested prior to radiation and at 4 and 24 hr after exposure to ionizing radiation (IR).
mRNA Expression Measurements and Analysis
Total RNA samples were extracted with the RNeasy Mini Kit (QIAGEN, Valencia, CA) and were used for probe preparation and hybridization onto Affymetrix Human Genome Focus GeneChip arrays according to the manufacturer's suggestions (Affymetrix, Santa Clara, CA). Signal intensities and expression calls were calculated with the dCHIP program with the rank-invariant normalization and the perfect match (PM) options. 20 For further analysis, we selected for genes that (1) are expressed in lymphoblastoid cells and (2) are expressed at different levels among controls, carriers, and/or patients at baseline and in response to IR. Expressed genes are those that are called ''present'' in 65 or more samples (out of 72), and differentially expressed genes are those that showed > 1.5-fold difference relative to the baseline ATM þ/þ samples.
Two-Way Analysis of Variance
To identify genes with recessive and dominant expression profiles, we performed two-way analysis of variance; the two factors were genotype and time point. Genes whose expression levels across time points were significantly different between ATM þ/þ and ATM À/À and also between ATM þ/À and ATM
À/À
, but were not sig-
, were considered to have a ''recessive'' expression profile. Genes whose expression levels across time points were significantly different between ATM þ/þ and ATM À/À and also between ATM þ/þ and ATM þ/À but not significantly different between ATM þ/À and ATM À/À were considered to have a ''dominant'' expression profile. A threshold of p < 0.01 was used for the gene-expression analysis.
miRNA Expression Measurements
Cell lines from the same eight
, and eight ATM À/À individuals as above were used to measure miRNA expression levels. miRNA fractions were extracted from the cells with the PureLink miRNA Isolation Kit (Invitrogen, Carlsbad, CA). miRNA samples were pooled according to ATM genotype and post-IR time point. The Applied Biosystems Early Access Taqman qRT-PCR miRNA panel was used to quantify the level of mature miRNAs. 21 Reverse transcription and real-time PCR reactions with 17 ng of miRNA per reaction were performed for 157 human miRNA according to the manufacturer's instructions (Applied Biosystems, Foster City, CA). Each measurement was done in quadruplicate.
Analysis of miRNA Expression
Only miRNAs that showed measurable signals in all of samples were considered for analysis. Normalization of miRNA expression levels was performed by rank-invariant method. MIRN21 was found to be the least variable among the samples and is used for normalization of other miRNAs. For each gene, four replicate measurements were obtained for each sample. In order to avoid arbitrary or subjective definition of outliers, we identified and removed one replicate value that was most deviant from the mean of the replicates. Similar to mRNA analysis, we filtered out miRNA that showed < 1.5-fold difference when compared to the baseline measurement in the control samples. Then, we carried out twoway analysis of variance as above. A threshold of p < 0.001 was used for the miRNA analysis.
Analysis of Potential mRNA-miRNA Interactions
To identify potential targets of miRNAs in human genes, we used the Target-Combo program, which compiles prediction results from PicTar, TargetScanS, and miRanda.
TNFSF4 ELISA Assay
TNFSF4 proteins levels were quantified with human OX40 Ligand/ TNFSF4 Immunoassays (R&D Systems, Minneapolis, MN). Assay was performed according to the manufacturer's instructions.
Transfection Experiments
Lymphoblastoid cell lines were transfected with the Amaxa Cell Line Nucleofector Kit V following the manufacturer's instructions (Amaxa Biosystems, Gaithersburg, MD). pMIR-REPORT-TNFSF4-3 0 UTR WT and pMIR-REPORT-TNFSF4-3 0 UTR MUT plasmids were generated by the cloning of double-stranded oligonucleotides containing MIRN125B target sequence from TNFSF4 3 0 UTR with and without a deletion of a seed sequence into a pMIR-REPORT miRNA Expression Reporter Vector (Ambion, Austin, TX). The following oligonucleotides were used for the cloning: For the overexpression assay, double-stranded human MIRN125B mimic and C. elegans MIRN67 control mimic (Dharmacon, Lafayette, CO) were transfected into four ATM À/À lymphoblastoid cell lines. All experiments were done in duplicate. Cells were harvested 48 hr after transfection. RNA was extracted with RNeasy kit (QIAGEN, QIAGEN, Valencia, CA) and converted to cDNA, and TNFSF4 expression was measured by real-time PCR. Expression of beta-actin was used as a normalization control. The following primers were used:
ACTB-FOR 5 0 -AAGATCATTGCTCCTCCTGAGC-3 0 , and ACTB-REV
Analysis of miRNA Promoter Sequences
Promoter sequences defined as 1000 bp upstream of the transcription start site were obtained from the UCSC Genome Browser.
Then, we used MATCH program in TRANSFAC database (version 9.3) and the vertebrate matrices to identify transcription-factor binding sites. Significance of overrepresentation of binding site between categories was evaluated with the Fisher's Exact Test.
Quantitative Real-Time PCR and Chromatin Immunoprecipitations 
Results
Gene-Expression Phenotypes in AT
ATM is known to play a role in cellular response to ionizing radiation. We began by comparing the gene-expression phenotypes of irradiated cells from individuals with zero, one, or two mutated ATM alleles. We exposed lymphoblastoid cells from eight controls, eight obligate heterozygous AT carriers, and eight AT patients (Table S1 available online) to 5 Gy of IR and collected cells at baseline and 4 and 24 hr after exposure. Then, for each individual, RNA samples were extracted and hybridized onto Affymetrix gene-expression microarrays. This gave us data from 72 microarrays (8 samples/genotype 3 3 genotypes 3 3 time points). Among the genes on the microarrays, there are 954 genes that showed at least a 1.5-fold difference in expression level compared to that of controls at baseline; we focused on these genes for subsequent analyses. We carried out analysis of variance (ANOVA) to determine the effect of ATM genotype on IR-induced gene-expression phenotypes. Phenotypes are categorized as recessive when the IR response patterns are similar between AT carriers and noncarriers but significantly different (p < 0.01 by ANOVA) from AT patients ( Figure 1A) . Dominant phenotypes are those where the IR-induced expressions are different between AT carriers and noncarriers (p < 0.01 by ANOVA) but the expression is similar between AT carriers and AT patients ( Figure 1B) .
Because AT is a recessive disorder, we had expected to find gene-expression phenotypes that exhibit recessive patterns. But instead, we found both recessive and dominant expression phenotypes. At the significance threshold of p < 0.01 (ANOVA), we found 22 mRNAs that showed a recessive pattern ( Figure 1C ) and 29 with a dominant pattern ( Figure 1D ). Among the recessive phenotypes are ones that play a role in DNA replication, such as MCM3 (MIM 602693) and MCM5 (MIM 602696) (minichromosome maintenance), and in regulation of apoptosis, such as C12orf5 (also known as TIGAR, MIM 610775). 22 The dominant phenotypes include the mismatch repair gene, MSH2 (MIM 609309), and genes involved in lipid metabolism, FADS2 (fatty acid desaturase, MIM 606149) and FASN (fatty acid synthase, MIM 600212).
Pathway analyses of the genes show that many of the recessive gene-expression phenotypes belong to the ATMp53 pathway ( Figure 1E ) whereas the dominant gene-expression phenotypes belong to the ATM-AKT pathway ( Figure 1F ). These findings suggest that even though the expression level of the ATM gene is not significantly different (p > 0.4) between carriers and noncarriers, there are functional differences. Transcriptional activation of some p53-mediated pathways can be achieved with one wildtype copy of ATM, but components of other pathways such as the AKT pathway require two functional copies of ATM.
MicroRNA Expression Phenotypes in AT
Since the discovery of miRNA in 1993, 23 many studies have shown that these short (~21-23 nucleotides) singlestranded RNA molecules play a critical role in regulating gene expression in different organisms from C. elegans to humans (reviewed in 24, 25 ). The role of miRNAs in development and growth regulation are well documented (reviewed in 26 ). However, their role in disorders that are caused by germline mutations is less well studied. We compared the miRNA expression phenotypes to determine whether they differ among individuals with different ATM genotypes and whether they influence gene-expression phenotypes. We extracted miRNA from lymphoblastoid cells from the same 24 individuals of three ATM genotypes described above (eight controls, eight AT carriers, and eight AT patients). MiRNA was collected before irradiation and at 4 and 24 hr after IR, as in the gene-expression study. The cells were then pooled by genotype and time point. miRNA expression was studied with a quantitative real-time PCR (qRT-PCR) panel that allowed us to measure the expression levels of 157 miRNAs. Among them, there are 79 miRNAs that are expressed in lymphoblastoid cell lines and whose expression levels after irradiation differ by 1.5-fold or more compared to expression level of controls at baseline (Table  S2) . We carried out an ANOVA (similar to the gene-expression analysis) on these miRNA to compare the IR-induced miRNA expression patterns among individuals with different ATM genotypes. As with the gene-expression phenotypes, we observed both recessive and dominant phenotypes. There were 15 miRNAs with recessive patterns where the IR-induced expression patterns were similar between noncarriers and AT carriers but were significantly different (p < 0.001) from AT patients (Figure 2A ). Among these 15 miRNAs are MIRN181A2 and MIRN195, which are known to play a role in tumorigenesis 27 and regulation of stress-induced cell growth. 28 In addition, there were seven miRNAs that exhibit dominant IR-induced patterns where the profiles were similar between carriers and AT patients but were significantly different (p < 0.001) from noncarriers ( Figure 2B ). Of these seven miRNAs, MIRN125B is of particular interest because it has been shown to be dysregulated in breast cancer tissue 18 and AT carriers have increased risk of breast cancer (MIM 111480). 4, 5, 7 The results were obtained in pooled samples, so we validated the findings for MIRN125B in individual samples ( Figure S1 ). Previous work showed that MIRN125B regulates gene expression by deadenylation of its target genes, which leads to rapid mRNA decay. phenotypes to the miRNAs that regulate their expression. We used TargetCombo, a computer program that compiles results from several miRNA target computational prediction programs such as miRanda, 30 PicTar, 31 and
TargetScans, 32 to determine whether the gene-expression phenotypes with recessive patterns are targets of the miRNAs with recessive patterns, and similarly for the dominant phenotypes. Figures 2C and 2D show the pairs of miRNAs and their predicted target genes that exhibit recessive and dominant patterns of expressions, respectively. Some of the target genes were identified by two or more prediction programs and therefore are more likely to be ''true'' target genes. Because miRNAs are mostly negative regulators of gene expression, we would expect a negative correlation between the expression levels of the miRNAs and their target genes. To examine this, we calculated correlation coefficients between the expression levels of the miRNAs and their potential targets (Figures 2C and 2D) . In some cases, we found the expected negative correlation in expression levels of the miRNAs and their target genes. For example, the correlation coefficient between MIRN125B and TNFSF4 was À0.63. However, positive correlations were also found; these could be due to indirect regulatory effects, upregulation of target genes by miRNAs, 33 or false-positive miRNA target identification.
MIRN125B Targets TNFSF4
Because the dominant expression phenotypes are unexpected, we followed up one of the findings by molecular analysis. We selected MIRN125B and its potential target TNFSF4 (also known as OX40L) for further study. MIRN125B and TNFSF4 are of interest because they have been implicated in breast cancer 18 and heart disease 19, 34 (MIM 608446), the diseases that were found to be associated with AT heterozygosity. 5, 6, 7, 35 Our mRNA expression-profiling results showed that mRNA level of TNFSF4 is significantly (p < 0.005) higher in AT carriers and patients compared to controls at baseline and after exposure to IR ( Figure 1D) . We confirmed the microarray result by qRT-PCR ( Figure S2 ). The protein expression of TNFSF4 as assessed by ELISA assay is also higher in cells derived from AT carriers and patients ( Figure 3A) . Sequence analysis showed a binding site of MIRN125B in the 3 0 end of TNFSF4. This putative binding site is highly conserved in multiple species including mouse, dog, and human ( Figure 3B ). We carried out molecular analysis to determine whether TNFSF4 is a target of MIRN125B. First, we examined the functional legitimacy of the putative binding site of MIRN125B in the 3 0 UTR of TNFSF4 by subcloning a genomic sequence containing the MIRN125B binding sequence shown in Figure 3B into firefly luciferase-reporter constructs. We also examined a mutant sequence where the conserved sequence of MIRN125B was deleted. We transfected the constructs with the wild-type and mutant sequences separately into lymphoblastoid cells from noncarriers (who have high endogenous MIRN125B, as shown in Figure 2B ). The construct with the wild-type MIRN125B sequence resulted in a decrease in luciferase activity, whereas the construct with the mutant sequence did not downregulate the reporter ( Figure 3C ). Next, we examined the interaction between MIRN125B and TNFSF4 by transfection of MIRN125B into cells from AT patients (who have low endogenous MIRN125B levels, as shown in Figure 2B ). After transfection of synthetic mimics of MIRN125B, we measured the level of TNFSF4 in the transfected cells by qRT-PCR. We observed a decrease in the expression level of TNFSF4 levels, whereas no change in TNFSF4 level was observed in the cells transfected with a miRNA specific to C. elegans ( Figure 3D ). These findings support our conclusion that TNFSF4 is a target of MIRN125B.
CDX2 Is a Transcriptional Repressor of MIRN125B
Our data show that miRNAs expression patterns are associated with the expression patterns of some gene-expression phenotypes. To identify the factors that influence miRNA expression, we used Match, 36 a weight-matrix-based tool, and TRANSFAC (version 9.3), a database of transcriptionfactor binding sites, to search for transcription-factor binding sites in the promoters of the miRNAs that showed recessive and dominant expression patterns. We found that there is an enrichment of AP2 binding sites in the promoters of recessive miRNA (p ¼ 0.01) and an enrichment of CDX binding sites in the promoter regions of the dominant miRNAs (p ¼ 0.04), including MIRN125B. Table 1 shows the miRNAs with binding sites for AP-2 or CDX in their promoter regions.
To study the expression of CDX transcription factors, we used qRT-PCR to measure the expression level of CDX1 (MIM 600746) and CDX2 (MIM 600297) in lymphoblastoid cells from noncarriers, AT carriers, and AT patients. Results showed that the CDX1 level is similar in individuals with different ATM genotypes (data not shown); however, the CDX2 level is significantly higher in AT carriers and AT patients compared to noncarriers ( Figure 4A ).
To assess whether CDX2 is indeed a regulator of MIRN125B, we carried out ChIP assays. In the ChIP assays, we used an antibody specific for CDX2 to assess its binding to the promoter of MIRN125B in cells from individuals with the three different ATM genotypes. After immunoprecipitation, we recovered significantly more MIRN125B promoter fragments from AT carriers and patients than from noncarriers ( Figure 4B ). This observation is consistent with the higher expression level of CDX2 in AT carriers and patients than controls ( Figure 4A ). No enrichment was seen in negative controls: in a genomic region upstream of MIRN125B promoter and when mock immunoprecipitations were carried out without antibody ( Figure S3) .
Other studies have shown that CDX2 acts as a transcriptional repressor. 37, 38 Therefore, we hypothesize that increased CDX2 binding results in lower levels of MIRN125B in AT carriers and patients ( Figure 2B) . The relatively lower level of MIRN125B in turn results in less downregulation of its target gene, TNFSF4 ( Figures 3C and 3D) , which is then expressed at a higher level in AT carriers and patients ( Figure 1D ).
ATM Regulates TNFSF4 via CDX2
Previous studies have also shown that ATM negatively regulates the expression of CDX2 through the ERK 39 and AP-1 pathways. 40, 41 On the basis of these and our results, we propose the following interpretation ( Figure 5 ). ATM regulates transcription regulators such as CDX2, which in turn regulates the expression of miRNAs including MIRN125B. The miRNAs then influence the expression of target genes such as TNFSF4.
Discussion
Traditionally, Mendelian disorders have been classified as recessive or dominant. However, there is increasing recognition that this simple classification is not the ''whole story.'' Here, we investigated the mechanism underlying the finding that AT carriers and noncarriers have different phenotypes. Population-based studies have shown that even though AT is a recessive disorder, AT carriers have increased risks of breast cancer and heart disease. Studies have suggested that some ATM variants and/or mutations act in a dominant-negative manner and therefore predispose carriers to cancer. 7, 9, 42 Our results provide an alternative view: The same mutations have different effects on different pathways. Some pathways require two copies of wild-type ATM, whereas other pathways require only one wild-type copy of ATM. These gene pathways probably affect clinical phenotypes. Thus, some clinical manifestations of ATM mutations are seen only in patients, whereas others are observed in both carriers and patients. Our results illustrate the complexities of human gene mutations and emphasize the importance of studying biological processes as ''networks'' rather than as distinct gene-gene interactions. By incorporating our findings and those in published studies on MIRN125B and TNFSF4, we suggest a mechanism for the increased risk of breast cancer 4, 5 and cardiovascular disease 6, 35, 43 in AT carriers. Previous studies have
shown that breast cancer cells have lower expression levels of MIRN125B. 18 We found that AT carriers have lower levels of MIRN125B; this may account for their risk of breast cancer. We also show that TNFSF4 is a target of MIRN125B. The lower MIRN125B levels in AT carriers resulted in higher levels of its target gene, TNFSF4. Previous positional-cloning results showed that TNFSF4 is a susceptibility gene for cardiovascular disease 19 and demonstrated that mice overexpressing Tnfsf4 had larger atherosclerotic lesions than control mice. 19 This finding was supported by a study that showed that disruption of the Tnfsf4 pathway attenuates atherosclerosis in LDLR-deficient mice. 34 In addition, it has been shown that augmentation of ATM activity by chloroquine or related agents improves symptoms of metabolic syndrome. 8 Our results provide molecular evidence for how ATM influences TNFSF4 expression: The disruption of normal ATM function in AT carriers leads to overexpression of TNFSF4, which then contributes to elevated risk of heart disease. Like all complex traits, breast cancer and atherosclerosis susceptibilities are influenced by many genetic variants. Our results suggest one of the mechanisms for increased susceptibility for these diseases in AT carriers. Although the levels of MIRN125B and TNFSF4 in patients are similar to those in carriers, breast cancer and cardiovascular diseases are not commonly seen in patients. This is probably because many AT patients succumb to leukemia or lymphoma in their twenties. Breast cancer and cardiac diseases usually develop later in life.
Our findings have implications beyond AT. Previously, it was estimated that each individual is heterozygous for at least several deleterious mutations. 44 Also, a recent report by Bustamente and colleagues shows that an individual on average may be heterozygous for~425 nonsynonymous potentially deleterious SNPs. 45 Thus, heterozygous recessive mutations probably have an important influence on human phenotypic diversity and susceptibility to complex phenotypes and diseases. A systems approach that combines genetics with genomic and molecular tools allowed us to uncover the network of transcriptional regulators that influences phenotypes in AT carriers. This work can be extended to study other gene mutations in order to quantify the contribution of heterozygous recessive mutations to phenotypic variation.
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Figure 5. Proposed Model of the Regulation of Expression
Phenotypes ATM regulates transcription factors, such as CDX2, which regulate expression of microRNAs that in turn regulate expression level of genes, including TNFSF4.
